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Biofilm formation plays a multifaceted role in the life cycles of a wide variety of microorganisms. In the case
of pathogenic Vibrio cholerae, biofilm formation in its native aquatic habitats is thought to aid in persistence
during interepidemic seasons and to enhance infectivity upon oral ingestion. The structure of V. cholerae
biofilms has been hypothesized to protect the bacteria during passage through the stomach. Here, we directly
test the role of biofilm architecture in the infectivity of V. cholerae by comparing the abilities of intact biofilms,
dispersed biofilms, and planktonic cells to colonize the mouse small intestine. Not only were V. cholerae biofilms
better able to colonize than planktonic cells, but the structure of the biofilm was also found to be dispensable:
intact and dispersed biofilms colonized equally, and both vastly out-colonized planktonic cells. The infectious
dose for biofilm-derived V. cholerae was orders of magnitude lower than that of planktonic cells. This
biofilm-induced hyperinfectivity may be due in part to a higher growth rate of biofilm-derived cells during
infection. These results suggest that the infectious dose of naturally occurring biofilms of V. cholerae may
be much lower than previously estimated using cells grown planktonically in vitro. Furthermore, this work
implies the existence of factors specifically induced during growth in a biofilm that augment infection by
V. cholerae.

Bacteria are often found in biofilms, surface-attached aggre-
gates of microorganisms encased in an extracellular polysac-
charide or protein matrix (14). Mature bacterial biofilms often
assume a three-dimensional structure composed of pillars of
bacteria separated by fluid-filled channels (15). Compared to
their free-living, planktonic (PL) counterparts, biofilm-associ-
ated bacteria have been shown to be recalcitrant to a variety of
stresses and antimicrobial agents, including chlorine, low pH,
UV irradiation, antibiotics, host defenses, and more (4, 16, 21,
22, 39, 40, 44, 63, 72). The structure of the biofilm itself has
been thought to physically protect the bacteria within. The
decreased susceptibility of biofilms to antibiotics, for example,
is understood to be due at least in part to decreased perme-
ability of the biofilm to the antibiotic (20, 30, 60). However,
growth rate and metabolic state have also been proposed to
contribute to biofilm-related protection from certain antimi-
crobials and other stresses (5, 25, 59, 68). In addition, distinct
genetic mechanisms of antibiotic resistance employed by bio-
film microorganisms have been described (34, 41, 42).

The ability to form biofilms is a virulence determinant of
many microorganisms. Classic examples of biofilm infections
include chronic infections of the cystic fibrosis lung by Pseudo-
monas aeruginosa, Haemophilus influenzae and Streptococcus
pneumoniae in chronic otitis media, uropathogenic Escherichia
coli in recurrent urinary tract infections, and disease caused by
microbial biofilms on a variety of indwelling medical devices
(27, 35, 36, 52, 56). The reduced susceptibility of in vivo bio-

films to antimicrobials has a huge impact on human health due
to the difficulty involved in their eradication.

In other instances, biofilm formation contributes to a micro-
organism’s survival in an environmental niche, such as in water
system piping or on other solid surfaces, and consequently
affects the likelihood of contact with a host (24, 58, 69). Vibrio
cholerae is the causative agent of cholera and is a natural
inhabitant of freshwater, marine, and estuarine environments.
In the aquatic environment, V. cholerae has been observed to
form biofilms on abiotic and biotic surfaces, including those of
zooplankton, phytoplankton, algae, and crustaceans (23, 33,
62). This surface-attached state is thought to be the primary
means of persistence of V. cholerae in the environment, pro-
viding protection from a variety of stresses and, when the
bacteria are attached to chitin, a source of nutrients and a
forum for acquiring new genetic material (43, 45, 46, 50, 67,
71). Moreover, biofilms are likely a form in which pathogenic
(toxigenic) V. cholerae is consumed by humans, and they pro-
vide a means by which humans can obtain a concentrated
infective dose (13, 28, 32). Because chitin- and biofilm-associ-
ated V. cholerae is better able to survive acid exposure (50, 72),
it has been hypothesized that V. cholerae biofilms are protected
during transit through the gastric acid barrier of the stomach,
thus allowing more bacteria to reach the small intestine colo-
nization site. Yet the role of stomach acid in susceptibility to
cholera is unclear in humans (26), and the infant mouse, with
neutral pH in the stomach, may be an irrelevant model of this
phenomenon.

In this work, we test the hypothesis that the biofilm structure
itself enhances colonization of the small intestine by V. chol-
erae. Instead, we found that V. cholerae bacteria dispersed from
a biofilm are as infectious as those in an intact biofilm and that
both are dramatically more infectious than free-living, plank-
tonic cells in the infant mouse model. This work suggests that
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the physiological state of V. cholerae in biofilms, and not the
biofilm structure, is the primary contributor to hyperinfectivity.

MATERIALS AND METHODS

Growth conditions. V. cholerae was routinely grown in Luria-Bertani (LB)
broth containing 100 �g/ml streptomycin (LB-Sm). Unless otherwise indicated,
V. cholerae O1 El Tor strain C6709 was used. Where indicated, ampicillin (Ap)
or kanamycin (Kn) was used at 50 �g/ml. For planktonic samples, V. cholerae was
grown at 37°C with aeration for 16 h unless stated otherwise. Strains are de-
scribed in Table 1.

Strain construction. Plasmids used in this study are listed in Table 1. Se-
quences of primers used in this study are available upon request. In-frame
deletions were made using standard allelic exchange methods as described pre-
viously (18, 60).

For ectopic expression of vpsT, the vpsT open reading frame was amplified by
PCR using primers vpsTF and vpsTR and cloned into pTrc99A using the NcoI
and SalI sites introduced with the primers. The desired construct was confirmed
by PCR and named pVpsT. V. cholerae was transformed with pVpsT or pTrc99A
by electroporation and confirmed to contain the plasmid by PCR.

Plasmid pACtsKan was constructed in this study and consists of the following
sequences, in order: temperature-sensitive pSC101 repA101 (replication protein)
and origin from pHSF422 (6), mobRP4 (mobilization sequence), E. coli lacI and
lac promoter controlling expression of mar (Himar1 Mariner transposase),
magellan6 mini-transposon (66), neo (neomycin and kanamycin resistance), and
sacB (sucrose sensitivity). The complete sequence of pACtsKan is available from
the authors upon request. Plasmid pACtsKan was introduced into C6709 and
C6709 lacZ by triparental conjugation with E. coli DH5� �pir bearing pACtsKan
and E. coli HB101(pRK2013::Tn9) (17).

Biofilms. Biofilms of V. cholerae were grown at room temperature (21 to
23°C) under static conditions. In pilot studies using both intact and dispersed
biofilms, biofilms were grown on glass slides propped in petri dishes contain-
ing 10 ml of LB-Sm broth. Robust biofilms were observed by 48 h. Slide
biofilms were recovered by washing the slides four to five times in saline, and
then the biofilm material was removed using a sterile razor blade and placed
in saline. Parallel samples were either crudely broken up into uniform pieces
(intact biofilms [iBF]) or dispersed (dBF) into individual cells by vortexing
extensively with silica beads. Complete dispersion was confirmed by micros-
copy. Plating of serial dilutions showed consistent recovery of 6.3 � 107 �
4.1 � 107 CFU per slide.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype or phenotype Reference or source

V. cholerae strains
C6709 O1 El Tor Ogawa; HapR� 55
C6709 lacZ lacZ::res-tet-res 11
N16961 O1 El Tor Inaba; HapR� 54
N16961 lacZ lacZ::res-tet-res Lab strain
C6706str2 O1 El Tor Inaba; HapR� 64
C6706str2 lacZ In-frame deletion of lacZ This work
C6709(pACtsKan) Temperature-sensitive plasmid in C6709 This work
C6709 lacZ(pACtsKan) Temperature-sensitive plasmid in C6709 lacZ This work
C6709 lacZ(pVpsT) pVpsT in C6709 lacZ; elevated VPS production This work
C6709(pTrc99A) pTrc99A in C6709 This work
C6709 cheY-3 Point mutation (D52N) in cheY-3; nonchemotactic 38
C6709 hapR pGP704 plasmid insertion in hapR This work
C6709 cdpA pGP704 plasmid insertion in cdpA (VC0130) 61
C6709 pilTU In-frame deletion of both pilT and pilU (adjacent open reading frames) This work
C6709 cspA In-frame deletion of VC0687 This work
C6709 bug In-frame deletion of VC1334 This work
C6709 VC1516 In-frame deletion of VC1516 This work
C6709 VC2704 In-frame deletion of VC2704 This work
C6709 VC2705 In-frame deletion of VC2705 This work
C6709 napF In-frame deletion of VCA0676 This work
C6709 uhpA In-frame deletion of VCA0682 This work

E. coli strains
DH5� �� �80dlacZ	M15 	(lacZYA-argF)U169 recA1 endA hsdR17(rK

� mK
�) supE44

thi-1 gyrA relA1
29, 36

DH5� �pir F� 	(lacZYA-argF)U169 recA1 endA1 hsdR17 supE44 thi-1 gvrA96 relA1 �pir 29, 36
SM10 �pir thi recA thr leu tonA lacY supE RP4-2 Tc::Mu �pir 48
HB101 pro leu thi lacY Strr endoI recA(r� m�) 17

Plasmids
pTrc99A pBR322 derivative; Apr 3
pVpsT vpsT cloned in pTrc99A; Apr This work
pACtsKan Temperature-sensitive origin; Knr This work
pRK2013 Helper plasmid, RK2 transfer genes, ColE1 ori; Knr 17
pCVD442 oriR6K mobRP4 sacB; Apr 18
pCVD442::	lacZ Allelic exchange vector for in-frame deletion of lacZ This work
pGP704::hapR Suicide vector for inactivating hapR 70
pCVD442::	pilTU Allelic exchange vector for in-frame deletion of pilTU This work
pCVD442::	VC0687 Allelic exchange vector for in-frame deletion of VC0687 This work
pCVD442::	VC1334 Allelic exchange vector for in-frame deletion of VC1334 This work
pCVD442::	VC1516 Allelic exchange vector for in-frame deletion of VC1516 This work
pCVD442::	VC2704 Allelic exchange vector for in-frame deletion of VC2704 This work
pCVD442::	VC2705 Allelic exchange vector for in-frame deletion of VC2705 This work
pCVD442::	VCA0676 Allelic exchange vector for in-frame deletion of VCA0676 This work
pCVD442::	VCA0682 Allelic exchange vector for in-frame deletion of VCA0682 This work
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In subsequent studies comparing dBF to PL cells, biofilms were grown stati-
cally in 0.5 ml of LB-Sm medium in borosilicate glass tubes for 24 or 48 h. To
obtain dBF samples, the supernatant was removed, and the remaining biofilm
was washed with saline. The attached cells were resuspended in 1 ml of saline and
dispersed by treatment in an ultrasonic water bath for 1 min (dBF). These
biofilms were plated and determined to yield 1 � 107 to 3 � 107 CFU per tube.
Ultrasonic disruption was confirmed by several means not to lyse cells or affect
viability: by analyzing PL cells with and without ultrasonic treatment by plating
for CFU, by direct counts by microscopy, and by live-dead staining.

Crystal violet staining of test tube biofilms was done as described previously,
except 95% ethanol was used to solubilize the stain (37).

Competition experiments. Competition experiments were done using 5-day-
old CD-1 mice as well as in LB broth cultures with shaking as an in vitro
control. Differentially marked samples were mixed at 1:1 ratios in saline prior
to inoculation unless stated otherwise. The inocula were plated on LB agar
plates containing 40 �g/ml 5-bromo-4-chloro-3-indolyl-
-D-galactopyrano-
side (X-Gal) to differentiate wild-type and lacZ mutant colonies and to
determine the input ratios and bacterial titers. The final inocula were �105

CFU per mouse. Mice were sacrificed at 24 h postinoculation, and the tissues
indicated in the figure legends were harvested. Bacteria in these tissues were
enumerated on LB–X-Gal plates. The competition index (CI) is calculated as
the blue/white ratio of the output normalized to the blue/white ratio of the
input. During initial studies, multiple independent dilutions of iBF/PL, dBF/
PL, and dBF/iBF mixtures were plated to ensure consistent and accurate
determination of the input ratio.

iBF and dBF samples were prepared as indicated above. In all cases, three
independently grown biofilms were processed in parallel and pooled to obtain
the iBF or dBF samples. Competition experiments used PL samples prepared by
washing and diluting stationary-phase (16-h) bacteria in saline. The exceptions
are the competitions using PL cells grown on LB agar plates or in the superna-
tant of a biofilm sample. For the former, colonies from a plate were suspended
in saline to the desired concentration and combined 1:1 with differentially
marked dBF cells. For the latter, differentially marked strains were both grown
as biofilms. The PL cells were obtained from the broth phase of one strain,
diluted in saline, and then combined 1:1 with the biofilm fraction (attached cells)
of the second strain, dispersed as described.

To determine whether mutations that confer enhanced colonization arise
during growth in a biofilm, V. cholerae biofilms grown in glass tubes were dis-
persed and passaged once in LB broth shaking culture to stationary phase; as a
result of this process, these biofilm-derived cells were in planktonic form. The
differentially marked strain was grown to stationary phase as usual and then
combined 1:1 with passaged dBF cells for inoculation of mice.

For competitions between C6709 lacZ(pVpsT) and C6709(pTrc99A), both
strains were grown in shaking culture for 16 h, with or without induction by 0.1
mM isopropyl-
-D-thiogalactopyranoside (IPTG). No agglutination was visible in
any culture. All samples were washed and diluted in saline prior to being com-
bined at 1:1 and inoculated into mice.

The study examining the replication of dBF and PL bacteria during infec-
tion was done as a competition between C6709 and C6709 lacZ, each carrying
pACtsKan. The PL cultures were grown for 16 h at room temperature. An input
mixture of 1 dBF to 10 PL cells was used to favor PL cells such that PL bacteria
could be recovered from the small intestines in numbers comparable to those for
dBF bacteria. At the times postinoculation indicated in Fig. 6, bacteria in the
small intestine were enumerated on LB-Sm–X-Gal plates to determine the CI.
The colonies were then replica plated on LB-Kn–X-Gal and LB-Sm–X-Gal
plates, and the percentages of Kn-sensitive dBF and PL bacteria, i.e., those that
had divided and lost the temperature-sensitive plasmid, were determined. As a
control, the strains were grown in vitro as single strains and in competition. The
CI and optical density at 600 nm (OD600) were determined.

Single-strain infections. The 50% infectious dose (ID50) of V. cholerae biofilm
bacteria was determined by inoculating mice with dBF serially diluted in saline.
The number of CFU present in the small intestines at 24 h postinoculation was
determined and plotted against the input dose. The distribution of dBF, PL, and
nonchemotactic (cheY-3 PL cells) V. cholerae in the small intestine was investi-
gated as described previously (38).

Determination of cell viability. Biofilm and planktonic cell samples were as-
sessed for viability by plating CFU, by direct counting by microscopy, and by
live-dead staining. For the latter, a LIVE/DEAD BacLight Bacterial Viability
and Counting Kit (Molecular Probes) was used according to the manufacturer’s
protocol.

RESULTS

V. cholerae cells grown in a biofilm, independent of biofilm
architecture, have enhanced colonization compared to plank-
tonic cells. Because of limitations of the infant mouse model of
V. cholerae colonization, we could not test whether biofilm-
associated V. cholerae is protected from gastric acid pH. How-
ever, we hypothesized that V. cholerae biofilms may provide
other or additional benefits that aid in colonization. To test
this, we performed competition experiments using differen-
tially marked strains of V. cholerae O1 El Tor C6709 to com-
pare the ability of intact biofilms (iBF) and stationary-phase
planktonic (PL) cells to colonize the infant mouse small intes-
tine. The iBF inocula were prepared from biofilms grown on
glass slides in LB broth at room temperature under static
conditions. Competitions of iBF/PL cells showed that intact
biofilm bacteria out-competed PL bacteria for colonization by
5.8-fold (Fig. 1). In contrast, in vitro competitions in LB broth
shaking cultures showed comparable growth of iBF and PL
cells. Equal growth was observed in single-strain growth exper-
iments as well (data not shown). Therefore, the in vivo advan-
tage of the biofilm bacteria was not due to an overall growth
benefit.

We further postulated that the colonization benefits con-
ferred to V. cholerae by the biofilm are not limited to physical
protection by the biofilm structure but that the physiology of
biofilm-derived V. cholerae enhances colonization. We tested
this by comparing the colonization achieved by iBF and fully
dispersed (dBF) V. cholerae biofilms. Like the iBF/PL bacteria
competition, the dBF/PL bacteria comparison showed that dis-
persed biofilm out-competed planktonic bacteria for coloniza-
tion but not in vitro (Fig. 1). Importantly, direct competition of
differentially marked dBF/iBF samples in mice demonstrated
that intact and dispersed biofilm bacteria colonize the small

FIG. 1. Biofilm-derived V. cholerae cells out-compete the plank-
tonic counterparts in the small intestines of mice, independent of the
biofilm architecture. V. cholerae iBF, dBF, and PL samples were paired
as indicated on the x axis; all three combinations were C6709/C6709
lacZ. Each symbol represents the CI for an individual mouse. Hori-
zontal lines indicate medians for each group. The same pairings of
samples were simultaneously grown in LB broth shaking culture to
determine the in vitro CI, shown at the top. Data from two indepen-
dent experiments are shown. Both iBF (BF) and dBF out-compete PL
bacteria for colonization (*, P � 0.01 by Wilcoxon signed rank test,
where the hypothetical value is 1, i.e., no difference in colonization).
The CIs for iBF/PL and dBF/PL do not differ from each other (P 

0.4), but both are significantly higher than that of dBF/iBF (P 
 0.0014
by Kruskal-Wallis test).
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intestine equally, indicating that the architecture of the biofilm
plays little or no role in the increased colonization observed.

Having observed that dBF and iBF bacteria taken from glass
slides colonized mice equally well, we performed subsequent
competition experiments using bacteria dispersed from bio-
films grown in glass culture tubes, which facilitated preparation
of inocula. The dBF samples derived from culture tube bio-
films were confirmed to out-compete PL bacteria in the mouse
but not in LB broth culture (Fig. 2A). By 24 h, the biofilm
culture supernatants were turbid with planktonic cells, and
biofilms could be detected at the air-liquid interface; both
biofilm biomass and planktonic CFU counts increased by 48 h
(data not shown). However, dBF from 24-h and 48-h biofilms
showed levels of colonization comparable to those of station-
ary-phase PL cells (Fig. 2A). This result suggests that increased
colonization ability is induced early during biofilm formation
and does not require the robust biofilm present at 48 h.

Other wild-type V. cholerae O1 El Tor strains, namely,
N16961 (hapR mutant) and C6706 (hapR�), were tested for
enhanced colonization after growth as a biofilm. The dBF and
stationary-phase PL bacteria were tested in competition exper-
iments in mice and in LB broth culture. For both strains, dBF
outcompeted PL bacteria in the mouse small intestine but not
in vitro (Fig. 2B). Therefore, this phenomenon is not strain

specific but is common to several O1 El Tor strains isolated in
different years from different continents.

Since the above experiments used stationary-phase PL bac-
teria in competition with the biofilms, it was possible that
nutrient deprivation, the level of aeration, or other conditions
in shaking stationary-phase cultures might attenuate the PL
sample, thus leading to a reduction in virulence. To address
this, dBF bacteria were competed against PL bacteria grown
under alternative conditions. The dBF bacteria still showed
increased colonization compared to PL bacteria grown on an
LB agar plate (and thus having cells with a variety of growth
phases); these samples grew equally well in vitro (Fig. 2C,
dBF/plate). Additionally, dBF bacteria were tested in compe-
tition with PL bacteria obtained directly from the broth phase
of biofilm samples of the differentially marked strain. Thus,
bacteria grown under identical conditions, but with dBF ob-
tained from the attached fraction of cells and PL bacteria
obtained from the unattached fraction, were directly assessed
for colonization of the mouse. Once again, the dBF cells out-
competed PL cells by 10-fold for colonization (Fig. 2C, dBF/
sup). The dBF bacteria did not out-compete PL bacteria for
growth in vitro.

Finally, because increased mutation rates have been ob-
served for P. aeruginosa during growth in a biofilm (7, 19), it

FIG. 2. Characterization of biofilm-induced infectivity. (A) Differentially marked dBF (24 or 48 h) and PL samples were paired for coinfection
of mice. Bacteria were recovered from the small intestines at 24 h postinoculation and CIs were determined. In vitro competitions were done in
parallel. Out-competition of PL bacteria by dBF was apparent in 24-h biofilms and maintained in 48-h biofilms. (B) Biofilm-induced infectivity is
not strain specific. V. cholerae strains N16961 (hapR mutant) and C6706 (hapR�) were tested for biofilm-induced infectivity. Coinfections of mice
and in vitro control competitions were done using differentially marked 24-h dBF cells and stationary-phase PL cells. (C) Out-competition of PL
by dBF bacteria is not dependent on the method of culturing the PL samples. As an alternative to stationary-phase preparations, PL samples were
grown either on LB agar plates or in the planktonic phase of a biofilm culture under static conditions. (D) Increased infectivity of biofilm-derived
bacteria is not due to a mutation(s) that arises during growth in biofilm. Biofilm-derived bacteria were passaged in shaking culture, and then
combined with stationary-phase PL bacteria for coinfection of mice; both biofilm-derived and PL samples were planktonic. In vitro competitions
were done in parallel. For all panels, each symbol represents the CI in an individual mouse; horizontal bars mark the medians. *, P � 0.05 by the
Wilcoxon signed rank test, where the hypothetical value is 1.
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remained a formal possibility that mutations could arise in the
biofilm population of V. cholerae during static growth and that
these mutants might have an increased ability to colonize the
mouse. To test this, V. cholerae was grown under biofilm con-
ditions in culture tubes. The attached bacteria were then re-
moved and passaged once in LB broth shaking culture (to
become planktonic) to stationary phase prior to being tested in
competition with stationary-phase PL bacteria. There was no
difference in colonization between the LB-passaged biofilm
bacteria and PL bacteria, indicating that the enhanced coloni-
zation observed in biofilm-derived V. cholerae is a transient
phenotype induced during growth in a biofilm (Fig. 2D).

VPS does not protect V. cholerae during infection of the
mouse. Vibrio exopolysaccharide (VPS) is a common extracel-
lular matrix of V. cholerae biofilms and is required for biofilm
formation on glass surfaces (71). While the dispersal methods
we used were confirmed by microscopy to break up the biofilm
completely into individual cells, the possibility remained that
VPS might not have been entirely removed from cells despite
washing. This polysaccharide coating, if present, might have a
protective effect during infection of the mouse or could con-
ceivably have adhesive properties leading to increased coloni-
zation. The dBF cells were thus examined to determine
whether VPS was present on the surface. Staining of V. chol-
erae biofilm-derived cells using wheat germ agglutinin and con-
canavalin A lectins failed to differentiate between iBF, dBF,
and PL cells (data not shown). Therefore, the effect of VPS on
colonization was assessed by testing V. cholerae with increased
VPS production for altered colonization of mice. For this,
vpsT, encoding a direct activator of transcription of VPS bio-
synthesis genes (12), was cloned into an expression vector,
yielding pVpsT, and ectopically expressed. When grown in
static culture, this strain showed dramatically increased biofilm
formation compared to V. cholerae carrying an empty vector
and to a non-biofilm-forming vpsR mutant, indicating elevated
VPS production (Fig. 3A). Induction of VpsT expression with
IPTG was not required to achieve elevated biofilm formation
although addition of IPTG did augment biofilm production
further. Though we did not measure it, we presumed that this
strain will have elevated VPS production during planktonic
growth when VpsT is induced. V. cholerae carrying pVpsT was

grown planktonically in shaking culture, with and without
IPTG, and tested in competition with differentially marked V.
cholerae carrying an empty vector for colonization of mice and
growth in vitro. Expression of VpsT did not affect colonization
as the pVpsT strain competed equally with the control strain
(Fig. 3C). Even after induction of high levels of VpsT, no
change in colonization occurred. These data and the data
above indicate that the presence of VPS on the bacterial sur-
face is not sufficient to confer the increased colonization rates
observed in biofilm-derived bacteria.

VBNC cells do not contribute to the observed increase in
competitiveness of biofilm-derived V. cholerae. V. cholerae has
been shown to enter a “viable but nonculturable” (VBNC)
state in which they can be detected by direct fluorescence
antibodies but cannot be cultured using routine methods (2, 8).
During growth in a biofilm, it is possible that V. cholerae might
enter a VBNC but still infectious state. If so, the input ratio
used to calculate the competitive index (CI) would underesti-
mate the true number of infectious bacteria in the biofilm sample.
This phenomenon would result in an artificially high CI. To ad-
dress this possibility, the dBF and PL samples were subjected to
live-dead staining and direct counting of bacteria. The dBF and
PL samples did not show significant differences in the percentages
of live (SYTO-9 positive) cells, with 65.6% � 14.2% and 47.9% �
7.3% live cells, respectively. In addition, the direct counting of
bacteria in dBF samples by microscopy correlated well with the
numbers of bacteria estimated by determination of CFU
counts. The dBF samples had 2.7 � 107 � 0.3 � 107 bacteria
by direct counting and 2.5 � 107 � 1.1 � 107 CFU. Therefore,
VBNC V. cholerae did not contribute substantially to the ob-
served high CI values obtained for dBF/PL bacteria competi-
tion experiments.

V. cholerae cells derived from a biofilm are more infectious
than planktonic cells. The observed out-competition by bio-
film-derived cells over PL cells in the mouse small intestine
could be due to heightened infectivity or possibly to other
reasons such as an increased growth rate at later stages of
infection. We tested the former possibility by measuring the
50% infectious dose (ID50) of dBF and PL bacteria. Serial
dilutions of dBF and PL samples were used to inoculate mice,
and then the bacteria present in the small intestines after 24 h

FIG. 3. The role of VPS in biofilm-induced infectivity. (A) Ectopic expression of VpsT leads to dramatically increased biofilm formation.
Differentially marked V. cholerae bacteria containing pVpsT or empty vector (WT), as well as a vpsR negative control, were assayed for biofilm
formation under static conditions by crystal violet staining. Both in the presence and in the absence of 0.1 mM IPTG, the pVpsT strain produced
significantly more biofilm than the vector control strain, indicating increased VPS production (*, P � 0.05 by Student’s t test). Bars indicate the
mean A570; error bars show standard deviations. (B) Ectopic expression of VpsT does not result in increased infectivity. Differentially marked
strains containing pVpsT or vector control were grown in shaking culture, with or without 0.1 mM IPTG. The strains were assessed for colonization
of the mouse small intestine using a competition assay. In vitro competitions were done in parallel. Symbols represent data for individual mice or
in vitro control samples; horizontal lines indicate the median CI.
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were enumerated. The ID50 for V. cholerae derived from a
biofilm was dramatically lower, �7 CFU, the smallest input
dose tested; the ID50 for stationary-phase planktonic cells was
approximately 3 � 104. Interestingly, the bacterial burden de-
creased with inoculum size but only to a point, since input
doses of 200 CFU or less resulted in a baseline number of
bacteria being recovered from the small intestines (Fig. 4). It is
not certain but it can be expected that a longer infection would
have resulted in increased bacterial burden in these mice. The
ID50 studies indicate that biofilm-derived V. cholerae cells are
hyperinfectious relative to their planktonic counterparts.

The dynamics of an infection with biofilm-derived V. chol-
erae differ from those of planktonic cells. The ID50 studies
suggested that biofilm-derived bacteria must have an altered
dynamic of colonization of the small intestine. To investigate
the nature of this alteration, the temporal and spatial differ-
ences in colonization between PL and biofilm-derived bacteria
were analyzed. First, dBF and PL bacteria were tested in com-
petition in mice, and the CIs in the small intestine and large
bowel were determined at different time points. At 1 h posti-
noculation, no differences in colonization between the dBF
and PL cells were observed in the small or large intestines (Fig.
5A). However, by 5 h the dBF cells clearly out-competed PL
cells in the small intestine; in the large intestine, the CI re-
mained at �1, suggesting that the advantage of dBF cells is
specific to the environment of the small intestine. At 24 h,
when colonization by V. cholerae is well-established, dBF bac-
teria greatly outnumbered PL bacteria in both small and large
intestines. The increased CI in the large intestine at 24 h may
be representative of the bacteria that detached from the small
intestine. Analysis of the bacterial burden in the different sec-
tions of the intestine showed that while the number of PL cells
dropped by 2 orders of magnitude, the number dBF cells
remained relatively constant (Fig. 5B). This suggests that the
dBF cells are either more resistant to a killing mechanism in
the gut or that they grow faster than PL cells.

Previous studies have shown that V. cholerae that has been
passaged in vivo, in both mice and humans, show hyperinfec-
tivity (1, 10). This phenotype is associated with repression of
chemotaxis; nonchemotactic V. cholerae has been shown to

have a reduced ID50 compared to the wild type (9, 10). The
nonchemotactic bacteria show an altered distribution along the
small intestine. Whereas wild-type bacteria favor colonization
of the distal half of the small intestine, nonchemotactic bacte-
ria colonize relatively uniformly throughout the small intestine
(9). Moreover, the nonchemotactic bacteria, presumably be-
cause they are less restricted for areas of colonization, reach
higher overall numbers in the small intestine than the wild
type.

We showed that, like nonchemotactic mutants, biofilm-de-

FIG. 4. Bacterial burden decreases with inoculum size of biofilm-
derived V. cholerae. Samples of dBF were serially diluted and then
inoculated into mice. At 24 h postinoculation, the bacteria present in
the small intestines were enumerated. The dotted line indicates the
limit of detection. Shown are the numbers of CFU per small intestine
at different input doses, where each circle represents the value from an
individual mouse. The horizontal lines show the median. The bacterial
burdens from the highest two input doses are each significantly higher
than those from the three lowest doses (P � 0.05 for the indicated
comparisons by the Kruskal-Wallis test).

FIG. 5. The dynamics of biofilm-induced infectivity. (A) Biofilm-
induced hyperinfectivity is detectable early, but not immediately, dur-
ing infection and is specific to the small intestine. Differentially marked
dBF and PL bacteria were used to coinfect mice. At 1, 5, or 24 h
postinoculation, the stomachs, small intestines (SI), and large intes-
tines (LI) were harvested, and the bacteria were enumerated on LB
agar containing X-Gal. The CIs were calculated for each tissue at each
time point. Each symbol corresponds to the CI value of an individual
mouse. Horizontal lines indicate the median. *, P � 0.05 by Wilcoxon
signed rank test, where the hypothetical value is 1. (B) Bacterial bur-
den (CFU) of dBF and PL bacteria in the SI and LI at 1 and 5 h
postinoculation. *, P � 0.05 for the indicated comparisons by Kruskal-
Wallis test. (C) Biofilm-derived bacteria assume a distribution in the
small intestine similar to that of PL bacteria but achieve a higher level
of colonization. Mice were inoculated with PL, dBF, or nonchemotac-
tic (cheY mutant) bacteria. The number of CFU present in each of six
equal-sized segments at 5 h postinoculation was determined and nor-
malized to the input CFU count. Data points are the mean number of
CFU present in at least five mice.
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rived V. cholerae has a lower ID50 and attains a higher burden
in the small intestines of mice. To determine whether biofilm-
derived bacteria also have a wider distribution in the small
intestine, dBF and PL cells of the wild-type and nonchemotac-
tic (cheY-3) strains were inoculated into mice, and small intes-
tines were harvested at 5 h postinoculation. The intestines
were divided into six equal segments, and the bacteria were
enumerated. The dBF bacteria, like wild-type PL cells, were
found to primarily colonize the distal portion of the small
intestine, consistent with dBF having wild-type chemotaxis
(Fig. 5B). However, dBF bacteria colonized the small intestine
in similar numbers to the nonchemotactic mutant and so
demonstrated hyperinfectivity. The dBF V. cholerae thus fol-
lowed altered colonization dynamics and displayed an inter-
mediate phenotype between PL and nonchemotactic bacteria.

Targeted mutagenesis of candidate biofilm-induced hyper-
infectivity genes. Several groups have used transcriptional pro-
filing to compare V. cholerae planktonic bacteria with cells
from biofilms at various stages of development as well as with
mutants that produce altered biofilms (49, 57, 72). A wide
variety of genes have been identified that are upregulated in a
biofilm and thus could participate in biofilm-induced hyperin-
fectivity (42, 52, 61, 62). We selected 10 genes covering a
variety of putative functions, as listed in Table 2, for mutagen-
esis and examined the mutants for loss of hyperinfectivity.

All mutants grew equivalently to the wild type in LB broth in
vitro (data not shown). All strains formed wild-type levels of
biofilm as measured by crystal violet staining except for the
hapR mutant, which formed 3.5 times more biofilm than the
wild type (Table 2). To test for loss of biofilm-induced hyper-
infectivity, the mutants and differentially marked wild-type
strain were grown separately as biofilms, dispersed into plank-
tonic cells, combined at 1:1 ratios, and used to infect infant
mice. All mutants colonized the small intestine comparably to
the wild type, indicating that the selected genes do not play a
role in this phenotype (Table 2). The pilTU mutant was slightly
attenuated in vivo and also in vitro, so the in vivo attenuation
was likely due to a small growth defect.

Biofilm-derived bacteria may replicate faster than plank-
tonic cells initially during infection. Biofilm bacteria could
achieve higher numbers in the mouse small intestine by being
more adherent, by increased resistance to a host defense mech-
anism, and/or by an in vivo-specific growth advantage. We
cannot differentiate between these mechanisms simply by mea-
suring the number of CFU during infection. We tested the
hypothesis that biofilm V. cholerae bacteria out-compete plank-
tonic cells because they replicate faster during infection. To
test this we introduced a temperature-sensitive plasmid,
pACtsKan, into differentially marked (lacZ� and lacZ mutant)
V. cholerae. The strains were used in a mouse competition
experiment, and the loss of this plasmid, based on loss of Kn
resistance, was monitored over time of infection. During in-
fection, the percentage of Kn-sensitive CFU increased faster
for the dBF cells than for PL bacteria, indicating that the dBF
bacteria lost the plasmid at a higher rate due to a higher rate
of replication (Fig. 6A). The increase in Kn sensitivity in dBF
cells corresponded with increased colonization, beginning be-
tween 2 and 4 h postinoculation (Fig. 6A and 6). In vitro, the
dBF and PL cells grew equally both in single culture and
coculture (Fig. 6C), and the plasmid was lost at comparable
rates in both biofilm-derived and planktonic cells (data not
shown). These data indicate that biofilm-derived V. cholerae
bacteria grow faster than planktonic cells during infection;
however, the results do not preclude a contribution by other
mechanisms such as increased stress resistance or adherence.

DISCUSSION

Biofilm formation by the facultative human pathogen V.
cholerae in its natural habitat is predicted to be a survival
strategy and, importantly, a primary source for human infec-
tions (13, 32). Previous studies have shown that V. cholerae
biofilms offer protection from acid pH, bile acids, chlorine, and
predation (31, 43, 71, 72). Biofilm resistance to acid pH was
hypothesized to protect the bacteria during passage through
the human stomach due to protection by the biofilm structure
(50, 72) though this cannot be tested using the infant mouse
model. In this work, we tested the hypotheses that biofilm
formation by V. cholerae enhances colonization and that the
architecture of the biofilm is critical in that process. Intact and
fully dispersed biofilms were assayed for the ability to colonize
the mouse small intestine compared to planktonic V. cholerae.
The dispersed biofilms were found to colonize the infant
mouse as well as intact biofilms of V. cholerae; both dispersed
and intact biofilms vastly out-competed planktonic bacteria.
This effect could not be attributed to VBNC cells, to biofilm-
induced mutations, or to the growth phase of the planktonic
cells used. Nor was the effect found to be strain specific. To-
gether, these data indicate that the physiological state of the
biofilm-grown bacteria enhances virulence and that the three-
dimensional structure of the biofilm per se is not required for
enhanced virulence.

We considered the possibility that despite the process of
dispersion of the biofilms, VPS remained on the surfaces of
individual bacteria. This VPS coating might protect the bacte-
ria from a host killing mechanism or enhance adhesion within
the host small intestine. Multiple lines of evidence suggest that
even if VPS indeed remains on the bacterial surface, it does

TABLE 2. Colonization by dispersed biofilms of candidate biofilm-
induced hyperinfectivity genes

Locus Annotation or predicted
function

Biofilm
formationa

Median in
vivo CIb

Mean in
vitro CIb

cdpA c-di-GMP phosphodiesterase 1.25 1.17
pilTU Putative ATPases; pilus

associated
0.68 0.59 0.26

VC0687 CspA; carbon starvation
protein A

0.93 0.77 1.5

VC1334 Bordetella uptake gene (Bug)
homologue

1.08 2.19 2.78

VC1516 Formate dehyrogenase
related

0.81 0.63 1.7

VC2704 Hypothetical protein 1.05 1.34 0.97
VC2705 Putative sodium/solute

symporter
1.1 1.54 1.17

VCA0676 NapF; nitrate acquisition 0.63 1.08 1.20
VCA0682 UhpA; transcriptional

regulator
1.1 1.30 1.18

hapR Quorum-sensing regulator 3.5 1.43 0.57

a Measured by crystal violet staining and A570 readings and expressed relative
to values in the isogenic C6709 parent strain.

b Comparisons were between dispersed biofilms of differentially marked mu-
tant and wild-type strains, normalized to the input ratio. For in vivo experiments,
five to nine mice were used; for in vitro experiments, three replicates were done.
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not cause the observed hyperinfectivity. First, ectopic overex-
pression of VpsT, the direct activator of the vps biosynthetic
operons (12), did not affect the ability of planktonic cells to
colonize the small intestine. One caveat to this is that it was not
possible to confirm maintained production of VPS by the
VpsT-expressing strain during infection. Second, previous
work has shown that a rugose isolate, which has elevated VPS
biosynthesis and biofilm production, is attenuated in the mouse
model (53). Third, a hapR mutant, which produces rugose
colonies and overproduces biofilm, behaved like the wild type
in vivo. Finally, we have previously shown that V. cholerae with
elevated cyclic di-GMP (c-di-GMP), a bacterial second mes-
senger that enhances VPS production and biofilm formation, is
attenuated in vivo (61). Importantly, though these bacteria are
“programmed” for high VPS expression, inactivation of vps in
this strain does not affect colonization (61). Taken together,
these data suggest that if VPS remains present on the surface

of biofilm-derived V. cholerae, it alone does not enhance col-
onization.

Several possible mechanisms could result in the out-compe-
tition of planktonic cells by biofilm-derived V. cholerae. Anal-
ysis of the bacterial load in the small intestine showed that
while the number of biofilm-derived bacteria remained at
around 104 to 105 per small intestine, the number of planktonic
cells dropped by almost 3 orders of magnitude. These results
are consistent with better adaptation of biofilm-derived V.
cholerae for survival and growth in the host small intestine. To
address this possibility, the presence of a temperature-sensitive
plasmid was monitored over the course of infection, allowing
the in vivo growth rate of biofilm and planktonic bacteria to be
assessed. The higher rate of plasmid loss by biofilm-derived
bacteria during infection, with no difference in in vitro growth
rate, suggests that they indeed grow at a higher rate than
planktonic cells in the mouse small intestine. Thus, growth in
a biofilm may prime V. cholerae for growth upon entry into the
human host and contributes to the hyperinfectious phenotype
observed in the mouse model of intestinal infection. This result
does not exclude the possibility that other biofilm-induced
factors contribute to hyperinfectivity as any mechanism that
enhances bacterial survival during infection may factor into
increased growth. The possible roles of increased resistance to
a host killing mechanism or increased adherence to host tissues
by biofilm V. cholerae has not yet been determined.

Host passage of V. cholerae has been shown to cause hyper-
infectivity in both humans and the mouse model (1, 47). These
host-passaged bacteria showed a much lower infectious dose
and achieved a higher load in the mouse small intestine. This
phenotype persists even after incubation in pond water and
may play a critical role in the ability of V. cholerae to cause
epidemic disease by facilitating person-to-person spread of the
organism (29, 47, 51). The infectious dose for biofilm-derived
V. cholerae was similarly substantially lower than that for
planktonic cells. Yet unlike host passage, which results in col-
onization along the entire length of the small intestine, likely
due to altered chemotaxis, growth in a biofilm still favors
the colonization of the distal portion of the small intestine.
Thus, the increased infectivity and bacterial burden observed
for biofilm-derived V. cholerae occur through a distinct pro-
cess(es).

The structure of a biofilm is the most overt contributor to
the reduced susceptibility of microbial biofilms to myriad
stresses and chemical assaults. A few studies have directly
tested the role of biofilm structure in conferring resistance to a
variety of antimicrobials in vitro, with mixed results. Limited
work has been done to understand how growth as a biofilm in
the environment affects the virulence of facultative pathogenic
bacteria. In vitro grown biofilms of Listeria monocytogenes were
less virulent than their planktonic counterparts (73). Biofilms
of Salmonella enterica serovar Typhimurium appeared to con-
fer a transient advantage in the spleens of mice after intraperi-
toneal inoculation, but ultimately biofilm and planktonic cells
showed comparable virulence levels (65). These results are in
contrast to our findings using V. cholerae biofilms and may
reflect the pathogenesis of the organisms. While L. monocyto-
genes and S. Typhimurium invade host tissues, V. cholerae
remains in the intestinal lumen and proliferates before the host
develops an effective immune response.

FIG. 6. Biofilm-derived bacteria replicate faster than planktonic
bacteria during infection. The differentially marked dBF and PL bac-
teria, both containing pACtsKan, were mixed at 1 dBF to 10 PL bac-
teria and inoculated into mice. Growth in vivo was determined based
on loss of Kn resistance conferred by the plasmid. (A) dBF bacteria
show a higher rate of increase in Kn sensitivity than PL bacteria. At the
indicated times postinoculation, the percentage increases in Kn-sensi-
tive dBF and PL bacteria in the small intestine were determined.
Each data point is the mean value for at least five mice. Error bars
correspond to the standard deviation. (B) For the same set of mice,
the CIs of dBF/PL were determined. Symbols are CI values from
individual mice. Horizontal lines indicate the medians. *, P � 0.05
by Wilcoxon signed rank test, where the hypothetical value is 1.
(C) dBF and PL bacteria containing pACtsKan grow at the same
rate in vitro. In vitro competitions of dBF and PL bacteria, each
initially containing pACtsKan, were done in triplicate.
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Several transcriptional profiling studies have been done
comparing biofilm and planktonic V. cholerae cells (49, 57, 72),
identifying a wide variety of genes that are differentially tran-
scribed and that could participate in biofilm-induced hyperin-
fectivity. We investigated the roles of 10 candidate genes cov-
ering a variety of putative functions, but these did not
contribute to biofilm-induced hyperinfectivity. Interestingly, a
hapR mutant that is defective for quorum sensing and “locked”
in a low cell density state was unaffected in biofilm-induced
hyperinfectivity. Previous work by Zhu and Mekalanos showed
that, when intact biofilms are used, a hapR mutant is attenu-
ated for colonization of the mouse compared to wild-type cells
(72). Their results, in combination with our data, support their
hypothesis that hapR mediates detachment from a biofilm; in
this study, biofilms are dispersed prior to infection, so hapR is
dispensable.

The work described herein suggests that microbes within a
biofilm are physiologically distinct from planktonic cells and
can thus affect other phenotypes including pathogenesis. Thus,
V. cholerae biofilms, potentially including those present in the
aquatic environment, may have a lower infectious dose in hu-
mans than previously determined, which has interesting impli-
cations for the natural acquisition of V. cholerae. While our
targeted mutagenesis approach did not uncover the mecha-
nism(s) responsible for the observed phenotype, we expect that
many biofilm-induced factors contribute to the hyperinfectivity
of V. cholerae and represent an important group of virulence
factors that remain to be identified.
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